A new garbage processing technology has been developed that sterilizes and separates inorganic and organic components of municipal solid waste. The non-composted byproduct of this process, Fluff R
INTRODUCTION
The disposal of municipal solid waste is an ongoing problem in the United States, including United States Army instillations. The Army generated over 1.2 million metric tons of solid waste in the United States in Fiscal Year 2003, but has a limited number of landfills, which increases the costs to shipping garbage off post (Solid Waste Annual Reporting, 2003) . One possible method to relieve this waste problem is to reduce the volume of the municipal solid waste or utilize waste in methods other than land filling. A process and equipment that facilitates the rapid separation, volume reduction, and conversion of municipal waste into a sterile organic pulp has been developed. This system grinds up the garbage, separates out ferrous metals, and uses a hydrolyzer with high temperature and pressure steam to break molecular bonds and destroy pathogens (Bouldin and Lawson, Inc. 2000) . When hydrolysis is complete, one of the end products is a colorless, odorless, aggregate cellulose pulp. The material is then dried and the organic pulp, called Fluff R , is separated from the recyclable glass, metal, and plastic constituents by air classification. After processing, Fluff is unrecognizable as formerly consisting of garbage. The organic byproduct from this process can be land filled at a 30-75% (depending upon the input materials) reduction in volume (Bouldin Corp, unpublished data, 2001 ). However, the Fluff material can also be composted and used as a soil amendment or organic fertilizer.
While the resulting Fluff material has been used successfully after composting in the horticulture industry (Croxton et al., 2004) , Fluff may also be an effective soil amendment before composting to improve soil physical and chemical properties, thereby enhancing land rehabilitation efforts. Since most contaminants and pathogens have been removed, the Fluff material could bypass the composting process and eliminate the most negative aspects of large-scale composting: the time and facilities requirements and resulting problems with leachate, odors, pests, and pathogen exposure.
The Army has almost 5 million hectares of land in the United States, including 73 installations with greater than 4,000 hectares each. Large blocks of this land are in need of rehabilitation due to Army training activity, but often lack sufficient topsoil, organic matter, and nutrients required for successful rehabilitation. Due to the expenses involved with overcoming these limitations, a cheap alternative material is needed. Additionally, the Army is mandated by numerous federal, agency, and departmental laws to control water and air pollution, maintain ecosystem sustainability, protect native biological diversity, and promote beneficial reuse practices whenever possible. For example, Executive Order 13101, "Greening the Government through Waste Prevention, Recycling, and Federal Acquisition", requires executive agencies to 'incorporate waste prevention and recycling in the agency's daily operations and work to increase and expand markets for recovered materials.' Therefore, the Army has enough acreage to support large-scale land utilization of organic waste byproducts (DoD, 2001 ) and the need to recycle waste products where feasible. By diverting organic matter from landfills to degraded training lands, the Army could incorporate reuse of municipal waste into land management, decrease waste disposal costs, and improve land rehabilitation efforts on Army training and testing ranges.
An effort to utilize organic waste byproducts by the Army could be greatly enhanced if the need for large scale composting facilities for municipal waste could be eliminated. However, municipal solid wastes are not immediately suited for direct land application because they are very resistant to decomposition and can create environmental problems (Edwards, 1997; Karlen et al., 1998) . The use of a highly processed organic pulp such as Fluff could divert organic matter from landfills to degraded training lands. While many similarities exist between the land application of other agricultural and industrial waste products such as poultry litters, animal manures, and composted biosolids, the generation of cellulosic pulp is a relatively new process. The Fluff is unique in both origin and physical attributes when compared to other soil amendments, and land application studies have yet to be conducted.
One potential problem with an non-composted organic material is the high carbon: nitrogen (C:N) ratio, which could create a soil environment with low N availability. Perennial warm season grasses, such as those native to the Tallgrass Prairie of North America, are well adapted to harsh environmental conditions, including low N availability, giving them a competitive advantage in poor soils (Jung et al., 1988; Wilson and Gerry, 1995; Skeel and Gibson, 1996; Levy et al., 1999) . These grasses are used abundantly in reclamation, as they develop extensive root systems that penetrate deep into soils, providing a very effective safeguard against erosion (Drake, 1980) . This study examined whether an noncomposted material with a high C:N ratio such as Fluff could be beneficial as an environmentally friendly organic soil amendment that can improve soil condition for the establishment of native grasses.
MATERIALS AND METHODS
Field studies were established in February 2003, to determine the effect of utilizing cellulose pulp from a highly processed municipal organic waste as a soil amendment for improving soil quality, plant growth, and revegetation success on degraded Army training lands. The cellulose pulp used was the output material from a grinding and hydrolyzing process for municipal waste products, which produces an "aggregate cellulose pulp" (Fluff R ) (Bouldin & Lawson, Inc. 2000) .
Component properties of Fluff that are significant to agricultural are presented in Table 1 . Fluff has a near-neutral pH and a C:N ratio of 30, indicating that it will readily decompose. A germination test was also performed to determine any inhibitory effects of Fluff on native grass germination. Fluff rates up to 11.2 Mg ha −1 had no effect on germination, however, pure Fluff was not an effective germination medium (Busby, 2003) .
Studies were established at two sites on Fort Benning Military Reservation, GA, based on soil mapping units, past training history, and level of degradation. The sites chosen were approximately 0.4 ha in size and were designated as "Dove Field" and "Borrow Pit." The Dove Field site was a moderately degraded sandy loam soil (loamy, kaolinitic, thermic Grossarenic Kandiudults) and was considered to be more productive (based on site evaluations) than the highly degraded Borrow Pit soil (highly disturbed fine-loamy, kaolinitic, thermic Typic Kandiudults). At these sites, treatment plots consisted of a control where nothing was done, a control with revegetation only, and application of Fluff at rates of 0, 18, 36, 72, and 143 Mg ha −1 with revegetation. Fluff was hand weighed and spread in 3.7 × 4.9 m (18 m 2 ) plots separated by a 2.4 m wide buffer to avoid crosscontamination. Plot preparation included plowing, application of Fluff, replowing to incorporate Fluff to a depth of 10-20 cm, followed by seed drilling of native grass species seed mixes and standard seed bed preparation techniques. Native grasses were selected based on previous research, suitability, adaptability, availability, cost, and photosynthetic pathway. Three C4 grasses: Andropogon gerardii (Big Bluestem), Panicum virgatum (Switchgrass), and Sorghastrum nutans (Indiangrass) and one C3 grass: Elymus virginicus (Virginia Wildrye) were selected. Vegetation sampling, including plant biomass, plant nutrient composition, plant species composition, and basal vegetative cover were measured at the end of the growing seasons in 2003 and 2004. Plant biomass was collected by clipping 5 random samples per plot to a height of 1 cm using 30 × 60 cm quadrants. Detailed analysis of plant vegetation responses are reported elsewhere (Busby et al., 2006) . Soil samples were obtained each year using two soil cores (3.8 cm diameter) from each plot collected with a custom-made telescoping soil coring device assisted by a modified commercial hydraulic post driver mounted to the front of a small tractor. The tractor hydraulic system powered both the telescoping device and the post driver (Prior et al., 2004) . Soil samples were obtained at depths of 0-5, 5-10, 10-20, and 20-30. Soil bulk density was determined on each soil sample by calculating total soil dry weight within the volume of each soil sample. Subsamples of the soils were dried (55
• C), ground to pass a 0.15 mm sieve, and analyzed for total N and C concentration on LECO Truspec (LECO Corp., Saint Joseph, MI 1 ). Soil samples were also analyzed for extractable boron (B), barium (Ba), calcium (Ca), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), phosphorus (P), lead (Pb), and zinc (Zn), using procedures outlined by Hue and Evans (1986) . Briefly, the soils were extracted using Mehlich 1 extractant (Mehlich, 1953) and measured by inductive coupled plasma spectrophotometry (Spectro CirOS, FCSMi, Spectro Analytical Instruments, Inc. Fitchburg, MA). Soil pH (McLean, 1982) was also measured from these soil samples.
The study was a completely randomized block design replicated four times. Statistical analysis was performed using the Statistical Analysis System (Littel et al., 1996) and means were separated at an a priori 0.05 significance probability level. Statistical analysis was also conducted by developing regression equations of soil C and N concentrations and soil pH versus Fluff application rate for each study site.
RESULTS AND DISCUSSION
Prior to any experimentation, the Fluff was intensively analyzed for levels of 184 regulated compounds, including 11 heavy metals, 113 semi-volatile and 60 volatile organic, 6 pesticides, 2 herbicides, and dioxin compounds to determine any potential regulatory limitations. This testing of the finished pulp detected 9 heavy metals, 3 semi-volatile, and 3 volatile organic compounds, but did not show any contaminant concentration that exceeded Federal or State EPA standards (Busby et al., 2006) . The detected organic compounds are regulated due to risks associated with workplace exposure and concentrated industrial effluent, but due to their volatile nature and rapid turnover in the environment they are not regulated for land application. Fluff was found to have heavy metal concentrations at least an order of magnitude below their respective ceiling limits established for land application of heavy metals in biosolids ( U.S. Government 40 C.F.R. Part 503, 1999). Lead would be the limiting factor as it reached the maximum biosolids limit at the lowest application rate. This limit would be reached with a maximum annual rate of 229 Mg Fluff ha −1 and a maximum cumulative application rate of 4587 Mg ha −1 . A preliminary study of the application of Fluff on a silt loam soil indicated that native grass establishment was enhanced and basal cover of planted perennial grasses was increased (Busby et al., 2006 ). An increase in soil concentration of Pb and P was noted with increasing rates of Fluff application. The increase in lead was insignificant (1.5 mg kg −1 for the highest Fluff rate) with respect to established regulatory limits, while the increase in soil P concentrations alleviated an apparent P deficiency in the study site soils.
Component properties of Fluff that are significant to agriculture are presented in Table 1 . Fluff has a near-neutral pH and a C:N ratio of 30, indicating that it will readily decompose. A germination test was also performed to determine any inhibitory effects of Fluff on native grass germination. Fluff rates up to 11.2 Mg ha −1 had no effect on germination; however, pure Fluff was not an effective germination medium (Busby, 2003) due to the hydrophobic nature of the pure fluff.
Application of Fluff at both Fort Benning sites (Dove Field and the Borrow Pit), resulted in improved revegetation of the native grasses as reported by Busby et al. (2006) . They reported a positive response to Fluff application for plant biomass, plant nutrient composition, plant species composition, and basal vegetative cover. Detailed analysis of revegetation response to Fluff can be found in Busby et al. (2006) ; briefly, increased biomass production was noted with increasing Fluff application up to 143 Mg ha −1 in both years sampled (Table 2) . The addition of the Fluff had an impact on the soil bulk density level in the surface soil (0-5 cm) (Table 3) . While no significant difference was noted for depths below 0-5 cm at either study site, the impact of improving the soil bulk density in the soil surface would be important for native grass establishment. At the Dove Field, the soil bulk density was in the range of 1.56 g cm −3 at the initiation of the study, but with the application of 143 Mg ha −1 Fluff, soil bulk density was drastically reduced to 1.17 g cm −3 . An even larger impact was observed with the soil at the Borrow Pit site. The initial level of soil bulk density was 1.83 g cm −3 , which could be detrimental to plant root growth (Glinski and Lipiec, 1990) . The addition of the Fluff at this site reduced the soil bulk density to 1.22 g cm −3 with the application of 143 Mg ha −1 . In the second year of the study, a further reduction in the level of soil bulk density was generally observed at both study sites at the 0-5 cm depth (Table  3) . As was observed in the first year, an increasing rate of Fluff application resulted in a soil bulk density decrease. This was likely due to the increased plant rooting from the continued establishment of the native grasses during the second growing season. With an increased plant root mass from grass establishment, bulk density was reduced as the plants created root channels through the compacted soil. The level of reduction observed with Fluff application would have an important impact on soil condition at both locations. Although the impact of bulk density is affected by both soil type and plant species, soil bulk densities above 1.5 g cm −3 have generally been shown to be detrimental to root growth and plant yield (Glinski and Lipiec, 1990 ). The reduction in the level of bulk density observed in this first year would be much more conducive to both plant establishment and root growth of the native grasses. The soil bulk density levels observed from second year soil sampling indicates that the soil physical condition had been substantially improved and that this improvement would likely persist. The improvement in soil bulk density alone would indicate that the degraded soil conditions commonly associated with US Army training activities could be substantially ameliorated with high Fluff application rates.
The ability of the soil to provide plant nutrients are controlled by many factors, such as organic matter content, soil pH, and soil texture (Potash and Phosphate Institute, 2003) . Many of these factors, such as soil organic matter content, are reduced in degraded soils, thereby reducing the ability of the soil to provide adequate plant nutrient supply. As noted, the Fluff contained substantial amounts of essential plant nutrients, which would have been present with the application of the Fluff (Table 1) . However, these nutrients would not necessarily be available for plant uptake, depending on the condition of the soil, particularly the soil pH level, and the decomposition and release of the nutrients in the Fluff (Potash and Phosphate Institute, 2003) .
Extractable soil nutrients, measured at the end of the first growing season for both sites, are shown in Table 4 . The application of Fluff increased extractable nutrients in the surface soil layer at both sites. At the Dove Field, a less degraded soil compared to the Borrow Pit, Fluff application resulted in a significant impact on extractable nutrient concentrations for P, B, Ca, Co, and Zn in the 0-5 cm soil layer. The soil concentration of Ca and P were particularly improved with the application of Fluff, with Ca concentrations increasing from 195 to 1835 mg kg −1 and P concentrations increasing from 29 to 145 mg kg −1 with the application of 143 Mg ha −1 of Fluff. The concentration of extractable P in soil often limits plant production in agricultural scenarios, which results in the need to add P fertilizer to improve soil fertility (Potash and Phosphate Institute, 2003) .
At the Borrow Pit, the soil was extremely degraded, resulting in almost no vegetation at the site at the start of the study. At this site, the initial soil fertility level was extremely low. The application of Fluff resulted in a significant increase in the extractable soil nutrients B, Ca, Co, Cu, Fe, K, Mg, Mn, P, and Zn (Table 4 ). This increase was likely due not only to the addition of these nutrients with the Fluff (Table 1 ), but also due to the improvement in the soil pH level that was observed with increasing levels of Fluff application ( Figure 1) . As soil pH level is increased toward neutral, the availability of most plant nutrients improves (Potash and Phosphate Inst., 2003) . The concentration of extractable P, K, Mg, and Ca are especially important for plant nutrition, and were notably impacted by increased Fluff application, with 62, 5, 77, and 425 fold increases in P, K, Mg, and Ca concentration levels, respectively, with the application of 143 Mg ha −1 Fluff. The initial levels of soil P and K concentration measured at this site were extremely low and would result in severe plant deficiencies of these nutrients with prolonged growth (Auburn University Soil Testing, 2005). Table 4 Soil extractable plant nutrient concentrations in the 0-5 cm soil depth for the dove field and borrow pit study sites (2003) Table 6 for regression equations and r 2 values).
The addition of Fluff increased the soil extractable levels of plant macro-and micro-nutrients to levels that would allow adequate plant growth. Soil extracts were also analyzed for concentration of the heavy metals Cd, Cr, Ni, and Pb (Table 5) , which have USEPA limits for biosolids application ( U.S. Government 40 C.F.R. Part 503, 1999) . At the Dove Field, the concentration of Cd was significantly increased with increasing Fluff application. The concentration of Pb increased, but only at the highest application rate was the concentration found to be significantly higher than the initial soil condition. At the Borrow Pit, the concentration of Cd was found to be significantly increased with increasing application rate of Fluff. The concentration of Cr, Ni, and Pb were also increased, but only at the highest application rate where there were significant differences compared to the initial soil conditions (Table 5) . None of the heavy metal concentration found in the soil would be of concern in terms of the maximum cumulative loading limits as regulated for biosolids (U.S. Government 40 C.F.R. Part 503, 1999). The application of the Fluff had a large impact on the soil pH, especially in the soil sampled after the first growing season. The Fluff would not be a liming material, but because of the near neutral pH and large Ca content of the Fluff material, the application of Fluff raised the soil pH. In the first year of the study, the soil pH had a linear response to increasing Fluff application at both study sites (Table 6, Figure 1 ). At 0-5 cm depth of the Dove Field, the control plots indicated that the soil pH was approximately 6.4, which increased to the level of about 7.2 with the application of 143 Mg ha −1 of Fluff. For the highly degraded soil at the Borrow Pit, the soil pH was very low (5.3) for the control plots at the 0-5 cm depth. The application of the Fluff had a dramatic impact on the pH level measured, with a linear increase up to a level of approximately 7.4. This was likely due not only to the much lower initial soil pH level at this site, but also to the lower buffering capacity of this highly degraded soil. The increases in soil pH were not limited to the top soil layer, and a significant linear increase in soil pH was observed down to the 30-60 cm soil depth layer at both locations (Table 6, Figure 1 ). This increase in soil pH could be critical to the establishment of native grasses. Soil pH at or below the 5.3 level would be very detrimental to plant growth, resulting in nutrient deficiencies and potential Al toxicity (Potash and Phosphate Inst., 2003) . The level of soil pH observed in the control plots would partially explain the complete failure of plant growth that was observed in those plots (Table 2) , and raising the soil pH level would explain much of the positive revegetation response that was observed at this location. Table 6 for regression equations and r 2 values).
In the second year, a less dramatic impact of the Fluff on the soil pH was noted at the Dove Field, with only a small impact of the Fluff on soil pH observed (Figure 2) . By the time sampling occurred following the second growing season after application, only the 5-10 and the 10-20 cm depth had a significant regression line for Fluff application vs. soil pH level (Table 6 ). This was likely due to natural processes that decrease soil pH, such as decomposition of organic matter and leaching with natural precipitation (Potash and Phosphate Inst., 2003) . However, at the Borrow Pit, while pH was lower than observed the previous year, large differences in the soil pH level were still noted at all soil depths ( Figure  2 ). Significant linear regression lines were observed at all soil depths measured (Table 6 ). This indicated that the Fluff may have had a more lasting impact on soil conditions under these extreme conditions, helping the soil to develop a balance that would be more conducive for plant establishment and growth.
The soil C and N concentration was measured at both study sites. Soil C and N concentration is one of the most important factors for assessing soil quality (Wienhold et al., 2004 ) that impacts soil physical, chemical, and biological functions of the soil. The buildup of soil C can be essential to the long term health of the system. The soil C concentration after the first growing season was highly variable and inconsistent, resulting in unreliable data (data not shown). Also, since the Fluff consists of non-composted material, the immediate decomposition of the Fluff could potentially cause variability in the soil samples which would not be reflective of the actual soil condition. The impact of the Fluff application on soil C and N concentration for the soil samples taken after the second growing season are shown in Figures 3 and 4 .
At the Dove Field, where no Fluff was applied, the soil C concentration was approximately 13 g kg −1 in the surface 0-5 cm depth and declined with increasing soil depth, down to 3.3 g kg −1 at the 30-60 cm soil depth layer (Figure 3 ). Soil N concentration was found to be 0.6 g kg −1 in the soil surface (0-5 cm) and fell to 0.2 g kg −1 at the 30-60 cm soil depth layer. These levels of soil C and N are in the range expected for degraded sandy loam soils in the Table 7 for regression equations and r 2 values). Table 7 for regression equations and r 2 values).
region. The application of Fluff had a large impact on the soil concentration of C in the soil surface (0-5 cm), increasing with increasing Fluff application up to approximately 39 g kg −1 (Table 7) . Likewise, a significant linear regression was observed for soil N, increasing with increasing Fluff application rate (Table  7) . No significant impact from the application of Fluff was observed for soil concentration of C and N below the 0-5 cm depth at this location.
In the highly degraded Borrow Pit site, the soil concentrations of C and N were extremely low where no Fluff had been applied, with a C concentration of 2.2 g kg −1 and N concentration of 0.1 g kg −1 . At this site, little difference was observed through the soil profile for C and N concentration due to the extremely low concentrations and the lack of any plant growth. At this location, the application of Fluff revealed a significant influence on soil C in the soil surface (0-5 cm depth), with an increase to approximately 20.2 g kg −1 with the application of 143 Mg ha −1 of Fluff (Figure 4) . Likewise, the soil N level was increased with increasing Fluff application, with a soil N concentration of approximately 1.0 g kg −1 with the 143 Mg ha −1 application rate. The C:N ratio of the soil at this depth was approximately 20. This would generally indicate that the soil organic matter level would result in further decomposition, but in this case the C:N ratio was not substantially different than was observed in the initial soil level, with a C:N ratio of 22. Regardless, the C:N ratio of the soil indicates that it was much more stable than that of the non-composted Fluff that was originally applied to the soil. This level of increase in soil C and N at this depth demonstrated an improvement in soil condition and is in the range that would be considered excellent for a sandy loam soil in this region.
Unlike the Dove Field soil, significant linear regression was observed for increasing soil C and N with increasing Fluff application below the 0-5 cm depth (Table 7 , Figure 4 ). While small compared to the impact that was observed in the 0-5 cm depth, a distinct increase in both C and N concentration could be observed with the increasing application of Fluff at the 5-10, 10-20, and 20-30 cm depth increments (Table 7, Figure 4 ). This increase could be partially caused by the movement of soluble C and N compounds deeper into the soil profile. However, this increase was most likely the result of increased plant rooting with the establishment of the native grasses. The increased grass biomass observed with increased Fluff application rate (Table 2) would have been accompanied by increased root biomass below the soil surface. This increased rooting would have resulted in increased organic matter input into the soil. Because this soil was so devoid of organic C, the improved rooting was detectable as an increase in the soil C concentration levels. Organic C, fixed by the plant through photosynthesis, and N that was taken up in the 0-5 cm depth would be moved deeper into the soil profile with root growth. This improvement in soil C and N not only at the soil surface where Fluff was incorporated, but deeper into the soil profile would be invaluable to improving the soil/plant environment on a highly disturbed soil, such as was used in this study.
CONCLUSIONS
On marginal lands such as degraded US Army training areas, organic amendments can be very effective when used to enhance vegetation establishment. In this study, the use of non-composted Fluff material was examined as a possible organic amendment for improving degraded soil. The addition of the Fluff resulted in a decrease in the soil bulk density in the soil surface (0-5 cm). This improved soil physical condition was also noted in soil sampling that was conducted after the second growing season indicating that the improved soil physical condition should persist. The addition of the Fluff increased soil pH in the soil profile down to 60-cm, and increased the soil availability of plant nutrients in the soil surface. After the second growing season, an increased level of soil C and N concentration was observed with the increased application of Fluff.
The results of this study indicated that the application of an non-composted organic amendment to degraded soil would improve soil conditions and provide a healthier soil environment for plant establishment. The improved conditions were most prominent on the more highly degraded soil site, indicating that the more degraded the soil the higher the potential benefit from the addition of organic amendments (even non-composted organic amendments).
